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[57] ABSTRACT 

A planar electromagnetic resonator utilizes an electromag- 
netically active material located between the capacitive or 
inductive elements of the resonator. A microscopic electrical 
property of this material is altered by an external condition, 
and that alteration, in turn, affects the behavior of the 
resonator in a consistent and predictable manner. 

31 Claims, 5 Drawing Sheets 
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ELECTRICALLY ACTIVE RESONANT 
STRUCTURES FOR WIRELESS 
MONITORING AND CONTROL 

RELATED APPLICATION 

This application is based upon and claims priority from 
U.S. Provisional Application Ser. No. 60/033,236 (filed Dec. 
5, 1996). 

FIELD OF THE INVENTION 

The present invention relates to remotely sensing and 
monitoring various conditions (such as force, temperature, 
humidity and/or light) to which people or objects are subject, 
and in particular to remote sensing using planar electromag- 
netic resonator packages. 

BACKGROUND OF THE INVENTION 

The ability to remotely sense parameters of interest in 
people and objects has long been desired. Presently, various 
monitoring technologies are known and used to sense con- 
ditions or to provide identification in a wide range of 
contexts. One such technology, known as "tagging," is 
commonly employed, for example, in shoplifting security 
systems, security-badge access systems and automatic sort- 
ing of clothes by commercial laundry services. Known 
tagging systems frequently use some form of radio- 
frequency identification (RF-ID). In such systems, RF-ID 
tags and a tag reader (or base station) are separated by a 
small distance to facilitate near-field electromagnetic cou- 
pling therebetween. Far-field radio tag devices are also 
known and used for tagging objects at larger distances 
(far-field meaning that the sensing distance is long as 
compared to the wavelength and size of the antenna 
involved). 

The near-field coupling between the RF-ID tag and the tag 
reader is used to supply power to the RF-ID tag (so that the 
RF-ID tag does not require a local power source) and to 
communicate information to the tag reader via changes io 
the value of the tag's impedance; in particular, the imped- 
ance directly determines the reflected power signal received 
by the reader. The RF-ID tag incorporates an active switch, 
packaged as a small electronic chip, for encoding the infor- 
mation in the RF-ID tag and communicating this informa- 
tion via an impedance switching pattern. As a result, the 
RF-ID tag is not necessarily required to generate any trans- 
mitted signal. 

Even though RF-ID tags have only a small and simple 
electronic chip and are relatively inexpensive, the solid-state 
circuitry is still relatively complex and vulnerable to failure. 
Another limitation of conventional monitoring techniques is 
the type of stimuli that can be sensed and the degree of 
sensing that can be performed. For instance, known 
LC-resonator sensing systems rely on macroscopic 
mechanical changes in the material structure, which indi- 
rectly leads to a change in the capacitance. For example, a 
foam-filled capacitor may be used to sense forces. As the 
capacitor is squeezed, its capacitance and, hence, the reso- 
nance frequency changes in response to the force. Such 
systems are not only relatively thick, but are also limited to 
sensing stimuli that affect the stress-strain curve of the 
dielectric. Also, the dynamic range of such systems is 
limited by the modulus of the dielectric; because of the 
difficulty in making extremely thin materials that can be 
squeezed, an effective lower limit is placed on the thickness 
of the capacitor. Accordingly, a need exists for an enhanced 
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sensing system capable of monitoring a variety of stimuli 
(such as temperature, humidity and/or light) in addition to 
force. 

5 BRIEF SUMMARY OF THE INVENTION 

En accordance with the present invention, an LC resonator 
package contains an electrically active material. A micro- 
scopic electrical property of this material is altered by an 
external condition, and that alteration, in turn, affects the 

10 resonant frequency and/or harmonic spectra of the resonator 
in a consistent and predictable manner. 

Accordingly, in one aspect of the invention, an LC reso- 
nator package may be provided to change its resonant 
frequency and/or harmonic spectra in response to a param- 

15 eter or stimulus of interest. For example, the invention may 
be used to monitor or sense external conditions such as 
force, temperature, humidity and/or light. 

In another aspect, the invention enhances the performance 

2Q of an LC resonator for remote sensing and monitoring by 
utilizing within the resonator structure (e.g., as a dielectric), 
a material having an electrical property altered by an exter- 
nal condition. By incorporating such dielectric materials in 
the LC package itself, the capacitance and/or inductance 

2S (and, as a result, the resonant frequency, harmonic spectra 
and Q factor) is directly modified by the materials in 
response to an external condition. Examples of dielectric 
materials suitable for use in the present invention include 
piezoelectric materials (e.g., polyvinylidene difluoride in 

3Q sheet form), ferroelectrics, magnetostrictive materials, and 
photoconductive polymers (e.g., polypheny line vinyline). 

In accordance with the invention, information about the 
monitored external condition is effectively encoded in an 
output characteristic of the resonator, and is extracted 

35 through measurement of this characteristic. Generally, the 
characteristics of greatest practical interest are the location 
of the center (resonant) frequency, the Q factor, and the 
harmonic spectrum generated by the package in response to 
an applied signal. These characteristics may be detected in 

40 a variety of ways, including measuring power reflected from 
the resonator (i.e., the loading or backscatter), measuring 
ringdown (i.e., decaying circulating power) following a 
signal pulse, and in the case of harmonics, sweeping a 
receiver through a range of frequencies to characterize a 

45 harmonic spectrum. It should be stressed that, although the 
resonators are shown as LC circuits, due to intrinsic material 
resistance the behavior is actually that of an LRC circuit. 

In a still further aspect, the invention utilizes a flat LC 
resonator package formed with at least two pancake spiral 

50 coils of conductive material respectively disposed on insu- 
lative layers. The flat package is inexpensively manufac- 
tured and amenable to unobtrusive placement in a wide 
variety of monitoring and control environments. Two or 
more spiral coils may be deposited onto a single insulative 

55 substrate, which is then folded over the electrically active 
dielectric. Using multiple pairs of coils each folded over a 
separate dielectric sheet, it is possible to obtain increased 
signal strength and relatively low resonant frequencies (e.g., 
less than 10 MHz). 

60 In yet another aspect, the invention may utilize two or 
more LC resonators on the same structure to monitor various 
conditions in the same environment. To differentiate 
between the various conditions, each resonator may be 
associated with a unique resonant frequency, Q factor or 

65 harmonic spectrum so the response of each resonator can be 
accurately and separately monitored. Similarly, differently 
characterized resonators responsive to the same condition 



03/22/2003, EAST Version: 1.03.0002 



6,02 

3 

can be associated with different items of interest (e.g., 
semiconductor chips or other electronic components, or 
different regions of a chassis) and addressed separately. 
Indeed, even similarly characterized resonators can be used 
to monitor physically dispersed items or spatial regions 
using multiple sensing antennas with knowledge of the 
distribution geometry (or, alternatively, multiple antennas 
having known spatial locations can be used to deduce the 
locations of a known number of similarly characterized 
resonators). 

In still another aspect, differently characterized (and 
therefore independently addressable) resonators are used to 
encode binary information. For example, if each of a series 
of resonators has a different, known resonant frequency, a 
binary pattern can be encoded through selective activation of 
the resonators and queried using a frequency-agile generator 
(or variable-frequency generator). In a more elaborate vara- 
tion to this approach, the resonators are not isolated and 
addressed separately, but instead are allowed to interact in a 
nonlinear fashion; this coupling interaction can produce 
additional frequency-domain and time-domain signatures, 
providing a further degree of freedom in which to encode 
information and facilitating simultaneous detection of mul- 
tiple bits of information. 
The invention may be used in a variety of practical 
, / applications including, for example, temperature monitoring 
/ of chips or other electronic components, measurement of 
i skin or wound temperature with the invention embedded in 
a bandage, use as a wireless computer input device, use as 
i a wireless force sensor, or in a seat that determines occupant 
presence and position. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The foregoing discussion will be understood more readily 
from the following detailed description of the invention, 
when taken in conjunction with the accompanying drawings, 
in which: 

FIG. 1A generally illustrates the wireless sensing envi- 
ronment for an LC resonator package according to an 
embodiment of the present invention using a single-port 
measurement arrangement; 

FIG. IB illustrates a two-port measurement arrangement 
for the LC resonator package shown in FIG. 1A; 

FIG. 2A is a graph of the output current signal as a 
function of frequency for an LC resonator package accord- 
ing to the embodiment of the invention shown in FIG. 1A, 
using an untuned antenna coil; 

FIG. 2B is a graph of the output voltage signal as a 
function of frequency for an LC resonator package accord- 
ing to the embodiment of the invention shown in FIG. IB, 
again using an untuned antenna coil (and assuming low 
coupling between the two antennas); 

FIG. 3 schematically illustrates the LC resonator circuit 
according to an embodiment of the present invention; 

FIG. 4 illustrates a conductor geometry for an LC reso- 
nator package in an embodiment of the present invention; 

FIG. 5 illustrates forming an LC resonator package for an 
embodiment of the present invention which utilizes a pair of 
elements; 

FIG. 6 illustrates an unfolded an LC resonator package 
according to an embodiment of the present invention which 
utilizes four elements; 

FIGS, la and lb illustrate two views for a configuration 
of the LC resonator package in an embodiment of the present 
invention suitable for applications (e.g., humidity sensing) 
involving environmental exposure; and 
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FIG. 8 is a sample graph showing the response of the 
invention employed as a force sensor and, for comparative 
purposes, an identically constructed sensor utilizing a piezo- 
electrically inactive dielectric material. 

5 DETAILED DESCRIPTION OF THE 

PREFERRED EMBODIMENTS 

A generalized circuit illustrating an LC resonator package 
according to an embodiment of the present invention, as well 
l0 as monitoring circuitry therefor, is shown in FIGS. 1A and 
IB. In FIG. 1A, an LC resonator package 100 is encom- 
passed by an interrogation coil 50. A continuous-wave ac 
input signal may then be applied to the interrogation coil 50 
at an input port V, via a transmission line having an 
15 impedance Zq, by a conventional sweep generator or the like 
(not shown). The LC resonator package 100 placed within 
the range of interrogation coil 50 changes the reflected 
power returning to the input port V — that is, the loading (at 
near-field coupling distances) or backscatter (for far-field 
20 coupling). The maximum operating distance between the 
resonator package and the interrogation antenna is approxi- 
mately twice the maximum dimension of the interrogation 
antenna. As shown in FIG. 2A, the reflected power reaches 
a minimum at <i)=cOo, i.e., the resonant frequency. 
2 5 The two-port configuration shown in FIG. IB employs a 
transmitting coil 50 2 and a receiving coil 50 2 . The LC 
resonator package 100 changes the transmitted power from 
coil 50-l to coil 50 2 . If the coupling between transmitting and 
receiving coils is low, the transmitted voltage will have a 
30 maximum at the resonant frequency as shown in FIG. 2B. 
Either of the illustrated configurations can be operated to 
locate the resonant frequency of the package 100, which, as 
shown in FIG. 3, may be represented as an inductive- 
capacitive (LC) tank circuit having an inductor L and a 
35 capacitor C, and an intrinsic material resistance R. As 
explained below, shifts in this frequency can be exploited to 
quantify (and thereby monitor) a parameter of interest 
affecting this resonator characteristic; additionally, resona- 
tors having different resonant frequencies can be distin- 
40 guished on this basis. It is also possible to use the quality 
factor (Q) as a measurement characteristic, but the resonant 
frequency is preferred because it is less affected by factors 
such as resistive loss and antenna loading. Typically, the 
output signal (i.e., the current I in the configuration shown 
45 in FIG. LA or the voltage V 2 in the configuration shown in 
FIG. IB) is fed to a computer or a signal-processing device, 
which analyzes the signal as a function of applied frequency. 

Alternatively, the degree of damping can be used to 
characterize a parameter of interest affecting this resonator 
50 characteristic, or to distinguish among differently character- 
ized resonators. Since the resonator 100 has the ability to 
store energy, it will continue to produce a signal after the 
excitation field has been turned off (again, due to internal 
resistance, the resonator 100 behaves as an LRC circuit). 
55 Most surrounding environments do not possess a significant 
Q, and as a result, the only signal remaining after an 
excitation pulse will be the signal from the resonator itself. 
Either of the configurations shown in FIGS. 1A and IB can 
be operated to detect damping in this manner. An excitation 
60 signal in the form of an rf burst is applied to coil 50 or coil 
50 2 , and the ringing of the resonator — which reflects 
damping — is sensed between bursts by coil 50 or coil 50 2 . 
More specifically, the amount of power transferred to the 
resonator from an rf burst of known duration is computed; 
65 and during the ringdown phase, the amount of power trans- 
ferred to coil 50 or 50 2 is measured and compared with the 
power transferred to resonator 100. 
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Id another alternative, the electrical characteristic used to LC resonator package 100 to render it responsive to the 

identify a resonator or to characterize a parameter of interest external condition to be sensed, variation of that condition 

is the resonator's harmonic spectra In response to an exci- will quantitatively shift the resonant frequency, or alter the 

tation signal of a particular frequency, the resonator 100 harmonic spectrum (at a given excitation frequency) or the 

generates harmonics— that is, a spectrum of multiples of the 5 q factor; this variation is sensed as described above, and the 

excitation frequency. The character of the harmonic spec- results interpreted to measure (or measure changes in) the 

trum (i.e., the envelope of harmonic frequencies generated external condition. 

and their amplitudes) depends on the nonlinear response . L t * • > • i 

P f u ♦ iaa tu u ♦ <u Accordingly, in one approach, dielectric material 10 at 

properties of the resonator 100. The harmonic spectrum for , . , rr . . „ » , . 

-~ .i*, „ . ^. , ■ i, • „ least partially contains (or is at least partially formed of) a 

a particular excitation frequency is obtained by applying a . ,< . , /. , _ , /. , 

continuous signal at that frequency through transmitting ciil 10 ml * nal aD e ectncal alte ^ ^ an exie ™ 1 

50 1; and sensing amplitude over a band of frequencies at the condltlon < thercb y f e "?8 m6 r f sonan ' 01 har " 

/receiving coil 50,. Thus, instead of sweeping through trans- monic spectrum of the LC resonator package 100. Examples 

/milled frequencies to locate a resonant frequency, as dis- of , the d l 16 ' cctr «. mater « 1 " ^ mav «* "fd include 

/ cussed above, the receiver sweeps through a range of „ V^ynayUm diBuonde (PVDF) m sheet form, other 

I frequencies greater than and less than that of the applied " P***^*™ « pyroelectnc polymery piezoelectric ceram- 

I signal to characterize the harmonic spectrum for the applied » Md photoconductive polymers. The dielectric material 

I signal frequency. As described below, the harmonic spec- 10 ma y contaln of electrically acUve die ecmc 

( , * „ n „u „ Pnnil t ft ;inn matenal and areas of conventional dielectric material. The 

\ trum can represent a fixed charactenstic of the resonator 1U0 . . A e . „ . . . . . . . 

(for purposes of identification), or can instead vary with an „ relatlve 51111011111 °f each matenal res P e f ve P laCe " 

external condition of interest to facilitate characterization of 20 m ^ nts re P reseDt desi S n P arameters determined by the spe- 

that condition. cific apphcation. 

With renewed reference to FIG. 1A, the LC resonator Alternatively, the harmonic spectrum of the resonator 100 

package 100 includes an electrically active dielectric mate- can * allered ' he incorporation of, for example, 

, rial 10 separating a pair of electrically insulative substrates 2S ferroelectric matenals (such as PVDF, lead-zirconium- 

/ 22, 24. A coil 32, 34 is formed on the top surface of each of * tanate compounds and stronUum Utanate) into the struc- 

' the substrates 22, 24, which face each other and are sepa- ^ ^ the use of PVDF as the dielectric 10 results in 

; rated by the dielectric material 10. The coils 32, 34 are variation of the resonator s harmonic spectra as well as its 

pancake spirals in this embodiment and may be formed of a resonant frequency and Q factor. 

conductive metal (e.g., by conventional foil etching or 30 In another alternative, the condition-sensitive material is 

stamping techniques). The helicities of the spirals are dis- used to form coils 32, 34. For example, materials with 

posed opposite one another so the current flows counter magnetic permeabilities that vary in response to an external 

clockwise as shown by the arrow i under the influence of a condition alter the inductance of the coils and, hence, the 

magnetic field flowing out of the top surface 24 as repre- resonant frequency and Q of the resonator 100. In a manner 

sentedby the arrow B. The coils 32 and 34 are connected by 35 analogous to piezoelectrics, magnetostrictive materials 

a connector 36 in this embodiment. (including iron-nickel compounds such as Permalloy and 

The resonators of the present invention can be constructed iron-nickel-cobalt compounds) have magnetic permeabili- 

in a variety of configurations, depending on the application, ties mat change in response to an applied force. It is also 

the desired output signal strength, the location of the reso- possible to use magnetostrictive materials in sheet form to 

nant frequency, etc. In the simplest embodiment, shown in 40 "load" coils 32, 34 by locating the material above the coil or 

FIG. 1, the the resonator 100 is a sandwich of three separate between substrates 22, 24 and dielectric 10. It is also 

sheets 10, 22, 24 with appropriate connection between the possible to form coils 32, 34 from a conductive (e.g., 

coils 32, 34. For ease of manufacture, however, an approach pigment-loaded) polymer exhibiting sensitivity to an exter- 

such as that shown in FIG. 4 is preferred, where a pair of nal condition. Once again, the effect would be to alter the 

connected coils of opposite helicities is deposited onto a 45 electrical characteristics of resonator 100. 

single sheet of substrate material. As shown in FIG. 5, by To return to an earlier example, using a piezoelectric 

folding the material over dielectric material 10 (along the material as the dielectric 10, variation in the piezoelectric 

dashed line appearing in FIG. 4), the two substrates 22, 24 response (e.g., due to application of a force) alters the charge 

are formed so as to enclose the dielectric material 10. leakage between the plates of the capacitor formed by coils 

The resonant frequency range of the LC resonator may be 50 32, 34; this, in turn, alters the capacitance and, therefore, the 

conveniently varied, for example, through the number of resonant frequency and Q factor of the resonator. PVDF also 

coil turns. Thus, in another embodiment of the present exhibits pyroelectric and hygroscopic properties, altering its 

invention illustrated in FIG. 6, four spiral coils 32, 34, 36 electrical properties in response to changes temperature and 

and 38 are formed on respective portions 22, 24, 26 and 28 changes in ambient humidity. 

of the substrate 20. When the substrate 20 is folded as 55 For force and/or temperature sensing, the LC resonator 
shown, three dielectric materials 10, 12 and 14 are disposed package is typically sealed along the edges so that the 
between the respective substrate portions. This configuration dielectric (or other condition-sensitive) material is not 
effectively increases the number of coil turns, producing a exposed. However, when sensing humidity or in 
lower resonant frequency as well as increased signal temperature-sensing applications where direct contact 
strength. Lower frequencies may be preferred for immunity 60 between the condition-sensitive material and the environ- 
to parasitic effects and increased ability to penetrate inter- ment is necessary, one surface of the material may be 
vening material, while higher frequencies enhance measure- exposed as illustrated in FIGS. 7A and 7B. As shown 
ment accuracy; typical frequencies may range from 1-100 therein, a substrate 20 has a spiral coil 32 disposed thereon 
MHz, but are desirably below 25 MHz. in the manner of the previously described embodiments. 

The applications of the LC resonator package according 65 However, the spiral coil 32 has a solid, button-like area 70 

to the present invention are wide-ranging. By selecting a of conductive material connected to the inner terminus 

condition-sensitive material and integrating this into the the thereof. The condition-sensitive dielectric material 10 is 
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thea disposed on top of this single spiral coil 32 and 
substrate 20. Next, a second solid area 72 of conductive 
material is disposed on the dielectric material 10, which is 
positioned such that the solid area 70 opposes the solid area 
72; solid area 72 is electrically connected to the outermost 
loop of the spiral coil 32 by a conductor 74. Accordingly, 
dielectric material 10 is directly exposed to environmental 
conditions, and the LC resonator package as illustrated in 
FIGS. 7A and IB may sense conditions of objects or 
environments relating to humidity or temperature. 

Alternatively, the dielectric material 10 may be exposed to 
external environmental conditions by means of perforations 
through sheets 22 and/or 24, or through coils 32 and/or 34, 
or through both the sheets and the coils. 

Thus, a temperature -responsive resonator in accordance 
with the invention may be used, for example, to monitor the 
temperature of a semiconductor chip (e.g., to detect if the 
temperature of the chip has exceeded a predetermined 
threshold). This may be accomplished without any extra 
leads to the chip. In another example, the present invention 
may be used as a wireless sensor in a bandage that monitors 
the temperature and humidity of a wound. 
'/ To appreciate the utility of the present invention in 
1 force-sensing applications, it is useful to model the response 
of a resonator constructed as shown in FIGS. 1A and IB, but 
containing a conventional high-frequency dielectric (such as 
v clear TEFLON in sheet form). The structure can be accu- 
rately represented as a simple LRC circuit including an 
inductor, resistor and plate capacitor with a dielectric mate- 
rial. By applying an elastic model to the deformation of the 
dielectric material under applied stress, the resonant fre- 
quency of the tag can be derived as a function of applied 
stress: 



where co^ is the resonant frequency of the tag absent any 
applied stress, E is the Young's Modulus of the dielectric 
material, and a is the applied stress. Rearranging this equa- 
tion yields an expression relating the ratio of the change of 
resonant frequency versus initial resonant frequency and the 
induced strain, e, in the dielectric material: 

Aw 

The measured data and the curve predicted by this model 
is included in FIG. 8 (discussed below) and very closely 
matched the measured data to within 0.1%. On this fre- 
quency scale, the change in resonant frequency appears as a 
flat line. 

In comparing the TEFLON response to the response 
produced using PVDF, this model indicates that in a typical 
dielectric material with Young's Modulus of about 3 GPa 
(comparable to PVDF and clear TEFLON sheet), a 10% 
change in frequency would occur in response to a strain of 
19%. In order to produce in a 10% change in the resonant 
frequency of the structure, an applied force of 60,000 
Newtons would be required (assuming a linear strain model 
with no yielding). On the other hand, the resonator incor- 
porating the piezoelectric material shows a significant 
response with an applied force of as little as 0.1 Newtons. A 
theoretical curve (not including hysteresis) could be derived 
for the piezoelectric response by solving the coupled tensor 
equations: 
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where E is the electric field, T is the mechanical stress, d is 
5 the piezoelectric coefficient, c is the complex permittivity at 
zero stress, and s^ is the mecham'cal compliance at zero 
field. 

A preferred force sensor package utilizes the general 
configuration indicated at 20 in FIG. 5, but the inner termini 

10 of the coils 32, 34 may be enlarged into solid, button-like 
areas (as shown in FIGS. 7A and 7B). Because the micro- 
scopic properties of the material itself are sensed, the LC 
resonator package can be made to be very thin and flexible, 
and may also be sealed at the edges. As shown in FIG. 8, this 

15 construction exhibits a logarithmic response and is capable 
of resolving very small forces or small changes (tens of 
milli-Newtons). In particular, the essentially straight-line 
graph 85, which depicts the behavior under force of a 
structure containing TEFLON as the dielectric 10, demon- 

20 strates that conventional dielectric materials are essentially 
unresponsive to small forces or changes in applied force. 
Curves &2a, 826 illustrate the behavior of an identical 
package using PVDF as the dielectric 10. Although the 
behavior includes some hysteresis with respect to the 

25 applied force, the hysteresis and linearity can be improved 
greatly through proper packaging of the sensor elements in 
order to provide a pre-stress on the dielectric and limit the 
maximum stress tranmsitted to the dielectric. Responses to 
larger forces can be accurately sensed by using, for example, 

30 ceramic piezoelectric materials, which generaly have a 
higher modulus and larger operating stress range than poly- 
mer piezoelectric materials. 

Force-sensing applications can include force measure- 
ment (e.g., function as a very small, wireless weight scale) 

35 or, less precisely, to detect the presence and/or position of an 
object or person. For example, a single force sensor in 
accordance with the invention can be associated with a seat, 
and register the presence of a person occupying the seat; by 
distributing multiple, independently addressable sensors in 

40 different parts of the seat, the occupant's position within the 
seat may be resolved. 

Using a photoconductive polymer as the dielectric 10 and 
at least one transparent substrate 22 and/or 24, the invention 
may be used to sense and measure light of a desired 

45 wavelength or wavelength range. Suitable photoconductive 
materials include polyphenyline vinyline; others are well 
known in the art, and are straightforwardly employed as 
discussed above. When an optically sensitive element in 
accordance with the present invention incorporates an opti- 

50 cal filter, it can function, for example, as an infrared sensor. 
Such a device would convert an infrared signal to a radio- 
frequency signal, and may be used, e.g., as a modem to link 
IRDA devices to RF devices. 

Multiple separate resonator elements for use in the same 

55 environment may be incorporated on a single board or 
chassis as separately addressable packages. Although it is 
possible to boost signal response by simultaneously address- 
ing multiple identical resonators each conveying the same 
information, ordinarily each of the resonator elements will 

60 be separately addressable. Multiple resonators, each having 
a different resonant frequency, require adequate bandwidth 
separation to permit resolution and prevent unwanted inter- 
action. Each resonator has a frequency bandwidth of 
approximately co^Q. As a result, the number of elements in 

65 a single system is limited to BQ/co^ where B is the total 
frequency bandwidth over which a particular reader or 
system may operate. More generally, the primary factors 
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limiting the number of resonances are the available band- ductors separated by a dielectric, the device comprising a 

width of the reader, its frequency resolution, the Q factor of material having an intrinsic electrical property altered by an 

the resonances, the physical sizes of the individual elements, external condition, alteration of the electrical property 

and the desired read range. remotely detectably varying at least one characteristic of the 

It is also possible to utilize the resonators of the present 5 circuit selected from resonant frequency, harmonic spectra 

invention for identification purposes; for example, a single an ^ ?_ fa ^ tor -. , 9 ... 

resonator element having a unique resonant frequency may 2 - dcvice of claim 1 wherein the external condition is 

be integral with an item to serve as a "tag." Alternatively, if »* {& f one of (a) applied force, (b) temperature, (c) 

a large number of unique identifiers is required, each tag Humidity and (d) light. . . 

• 4. c % i-7 c . , . uu- «o 3. The device of claim 1 wherein the material having an 

may consist of a plurality of resonator elements each having 10 . . . . . . t . . , & 

3 . t c T . , . ... tU intrinsic electrical property is also the dielectric, 

a separate resonant frequency. Indeed, in this way, the 4 ^ device wherein the intrinsic electrical 

resonators of the present invention can be used for purposes fe ^ kak 

of information storage. For example, each separate fre- 5 The deyice of daiffl 3 whereifl ^ matefial fc polyyi _ 

quency bin to^Q may be treated as a binary digit. With all ny lideae difluoride in sheet form. 

possible resonant frequencies known in advance, a fre- 15 g device of claim 3 wherein the material is a 

quency sweep reveals a series of binary digits by the piezoelectric ceramic. 

presence or absence of a detected resonance at each of the 7. The device of claim 3 wherein the material is a 

possible frequencies. That is, given N possible resonant photoconductive polymer. 

frequencies per tag, it is possible to create 2^-1 different 8. The device of claim 3 wherein the material is magne- 

tags. 20 tostrictive. 

To expand the amount of information that may be con- 9. The device of claim 3 wherein the material is ferro- 

veyed by a given series of tags, the tag signals can be electric. 

considered in the time domain as well as in the frequency 10. The device of claim 1 wherein the material having an 

domain — that is, the signal is examined as a function of time intrinsic electrical property is also the inductor, 

as well as frequency. This additional degree of information 25 11 ^ device of claim 10 wherein the intrinsic electrical 

can be implemented by changing the coupling between P™*? 1 *? is , ma .g net i c permeability. 

different resonators. (This obviously applies only to appli- * 2 ^ devicc °* claun 1 wherein the inductor comprises 

cations involving more than a single resonator element.) * ,east < wo P^cake spirals of conductive material each 

Nonlinear coupling permits the resonator signals to interfere f on an insulative sheet, the spirals having outermost 

and "beat" with each other, and can be varied by controlling 30 ^ el f connected to one another, the spirals being 

•iiu u ai iui avu uiuw, auu wan aix^i uy u 5 disposed opposite one another to also serve as plates form- 

the spacing between elements or how they overlap. The ^ ^ ^ ^ me dielectric malefial ^ Jocated 

time-domain modulation signal can then be read using, for between the spirals 

example, an envelope detector. 13 device of claim 12 wherein the spirals are located 

Although resonator orientation is most straightforwardly on the same illative sheet in spaced-apart relation to one 

determined by signal strength and, possibly, phase measured 35 another, the spirals being disposed opposite one another by 

at multiple locations, it may also be possible to utilize folding of the sheet. 

nonlinear time-domain signals and signal interactions to 14. The device of claim 12 wherein the spirals each 

resolve the orientation of one resonator, or the relative comprise an inner terminus, the inner terminus of at least 

orientations among a plurality of resonators whose signals one of the spirals comprising a solid area of conductive 

interact. In the single-resonator case, the observed signal 40 material. 

falls off with distance, but is also a function of relative 15. The device of claim 3 wherein the dielectric material 

orientation with respect to the detector. By making a suffi- is sealed between the conductors. 

cient number of signal measurements at a variety of known 16- The device of claim 3 wherein at least a portion of the 

locations, it is possible to unambiguously resolve orientation dielectric material is at least partially exposed. 

(i.e., to separate it from distance dependence). 45 17. Amethod of sensing an external condition, the method 

In the case of multiple resonators, measuring the time comprising, 

dependence of the frequency spectrum (i.e., the energy at a - Providing a device for remote sensing comprising an 

each frequency as a function of time) provides information inductor and a capacitor connected to form an electrical 

about the manner in which the resonator signals are coupled, c"™ 1 having a resonant frequency, the capacitor com- 

and therefore how the resonators are spatially disposed so a P air of conductors separated by a dielectric, 

relative to one another. Once again, by utilizing a sufficient the device comprising a material having an intrinsic 

number of measurements and knowledge of the location of electrical property altered by an external condition, 

one or more of the resonators, it is possible to overdetermine alteration of the electrical property remotely detectably 

orientation parameters so as to permit their resolution. varying at least one characteristic of the circuit selected 

The geometry of the resonator can also be relevant to its 55 from resonanl frequency, harmonic spectra and Q fac- 

behavior, particularly at s high applied frequencies, and may tor » 

be exploited for purposes of identification or sensing. °- exposing the device to the external condition; 

While the present invention has been described and c. wirelessly measuring the characteristic; and 

illustrated in terms of preferred embodiments thereof, the d. based on the measured characteristic, determining the 

present invention should not be limited to these embodi- 60 external condition. 

ments. Various changes and modifications could be made by 18. The method of claim 17 wherein the measurement is 

those skilled in the art without departing from the scope of a time-domain measurement. 

the invention as set forth in the attached claims. 19. The method of claim 17 wherein the measurement is 

What is claimed is: a frequency-domain measurement. 

1. A device for remote sensing comprising an inductor and 65 20. The method of claim 17 wherein the external condi- 

a capacitor connected to form an electrical circuit having a tion is at least one of (a) applied force, (b) temperature, (c) 

resonant frequency, the capacitor comprising a pair of con- humidity, (d) light. 
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21. The method of claim 17 wherein the wireless mea- 
surement step comprises applying a signal to the device and 
measuring power reflected from the package. 

22. The method of claim 17 wherein the wireless mea- 
surement step comprises applying a signal to the device 5 
from a transmit antenna and measuring power received by a 
receive antenna. 

23. The method of claim 17 wherein the wireless mea- 
surement step comprises applying a signal pulse to the 
device and, after the pulse, measuring ringdown from the 10 
device. 

24. The method of claim 17 wherein the wireless mea- 
surement step comprises applying a signal to the device and 
measuring a resulting harmonic spectrum. 

25. The method of claim 17 further comprising the step of 15 
providing first and second device each comprising a pair of 
conductors separated by a dielectric, each device comprising 

a material having an intrinsic electrical property altered by 
an external condition, alteration of the electrical property 
remotely detectably varying at least one characteristic of the 20 
circuit selected from resonant frequency, harmonic spectra 
and Q factor, the variation differing between the devices, and 
further comprising the steps of: 

a. simultaneously wirelessly measuring at least one char- 
acteristic of the first and second circuits selected from 25 
resonant frequency, harmonic spectra and Q factor, and 

b. based on the measured characteristic, determining the 
external condition relative to the first and second cir- 
cuits. 



26. The method of claim 17 wherein the characteristic is 
resonant frequency. 

27. The method of claim 17 wherein the characteristic is 
Q factor. 

28. The method of claim 17 wherein the characteristic is 
harmonic spectra. 

29. A method of determining location comprising the 
steps of: 

a. providing a plurality of devices, each device compris- 
ing 

a coil and a capacitor forming a circuit having a 
resonant frequency; 

b. electrically exciting the devices to produce interacting 
electrical signals; 

c. sensing the signals as a function of time; and 

d. based thereon, determining a location of at least one of 
the devices. 

30. The method of claim 29 wherein the sensing step 
comprises measuring nonlinear time-domain signals and 
signal interactions. 

31. The method of claim 29 wherein the sensing step 
comprising measuring energy at a plurality of frequencies as 
a function of time. 
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